Lineage 3 of porcine reproductive and respiratory syndrome viruses, which belong to North America type 2, has a long epidemic history in China. The novel lineage 3 viruses constantly emerging in recent years are characterized by a high detection rate and significant pathogenicity. In this study, we investigated the prevalence of 
strains, EU) and type 2 (North American strains, NA) (Nelsen, Murtaugh, & Faaberg, 1999) . Type 2 is further classified into nine lineages based on the ORF5 gene Shi, Lemey, et al., 2013) . There are five lineages (lineages 1, 3, 5.1, 9, and 8.7) reported in China (Brar, Shi, Murtaugh, & Leung, 2015; Gao et al., 2017) . Lineage 3 viruses have existed in China for some time, appearing in Taiwan island in the 1990s, with the first Chinese CH-1a strain documented in 1996 (Deng et al., 2015; Qiu, Guo, Tong, Liu, & Yu, 1998) . Since then, these viruses have spread into southern China (Guangxi, Guangdong, Jiangxi, and Fujian) in local pig farms; these viruses are endemic and constantly evolving Xie et al., 2014) . According to data in GenBank, lineage 3 strains have appeared in Central, Northeast, and Northwest China. However, there is limited knowledge regarding the prevalence of lineage 3 in southern China.
Recombination events among PRRSVs occur at a high frequency, which may contribute to novel highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) outbreaks (Shi, Holmes, Brar, & Leung, 2013) . Indeed, recombined lineage 3 viruses are constantly emerging. It was once reported that the GM2 strain, which possesses mild virulence, belongs to lineage 3 and was isolated in 2010, recombined with the genome of the Ingelvac PRRS MLV strain (Lu et al., 2015) . Recently, novel lineage 3 viruses have been reported to recombine with the genome of HP-PRRSV, resulting in increased virulence (Dong et al., 2017; Fan, Wang, Bai, Zhang, & Jiang, 2014; Zhang et al., 2017) .
Lineage 3 viruses are present in many farms of southern China in co-circulation with other lineages. Increased knowledge about this lineage is urgently needed. Here, we described a cross-sectional epidemiological study on the prevalence of lineage 3 in southern China.
Two novel lineage 3 strains were isolated from two different farms: one farm experiencing mild clinical illness(~90% morbidity and~10% mortality) in Guangdong province where the GDZS2016 strains appeared and another with herds displaying severe clinical respiratory and reproductive symptoms(~95% morbidity and~35% mortality) in Fujian province where the FJNP2017 isolate emerged.
Moreover, the genome characteristics and virulence of the viral isolates were explored.
| MATERIALS AND METHODS

| Ethics statement
In this study, we complied with the guidelines of the South China Agricultural University Animal Care and Use Committee requiring sampling procedures. The animal experiment was supervised by the Animal Ethics Committee of South China Agricultural University (SCAU-AEC-2017A108).
| Cross-sectional epidemiological study
Serum and tissue samples were collected from PRRSV-positive farms (Guangdong 104, Guangxi 36, Fujian 64, and Jiangxi 23) in southern China from January 2016 to July 2017. The samples were homogenized, filtered, and stored at −80°C. Reverse transcription-polymerase chain reaction (RT-PCR) detection and ORF5 gene sequencing were performed using ORF5 primers (listed in Table 1 ). Data were calculated based on the ORF5 sequence of each sample.
| Virus isolation
The two selected strains designated, GDZS2016 (GenBank: MH046843) and FJNP2017 (GenBank: MH046842), were associated with sporadic herd outbreaks and reproductive problems in sows and severe respiratory distress with a high fever (40-42°C) in piglets.
The investigation showed that the farms had strict immunization practices and histories of JXA1-R (Chinese HP-PRRSV) immunization for years. PRRSV was isolated from infected samples (serum and lung tissue) using fresh porcine alveolar macrophages (PAMs; prepared by our laboratory) and Marc-145 cells. Three-passage culture T A B L E 1 Additional primers used in this study processing was required, and cells at each passage were examined by RT-PCR. The virus culture procedure was similar to that described previously (Leng et al., 2014) . Viruses were harvested and stored at −80°C until further use.
| Virus passages and indirect immunofluorescent assay (IFA)
Adaptive passages of isolated viruses were conducted in Marc-145 cells. After 20 generations, the cytopathic effect (CPE) was monitored, and the pathogen was detected by IFA. IFA processing has been previously described (Leng et al., 2012 
| RT-PCR and nucleotide sequencing
Total RNA was extracted from virus cultures using a quick RNA extraction RNAfast200 kit (Fastgen, ShangHai, China) according to the manufacturer's recommendations and reverse transcriptase was obtained from a one-step RT-PCR kit (TaKaRa Co., Dalian, China).
Nine pairs of primers were selected to amplify the viral genome, as previously described (Leng et al., 2014) . To further identify flanking regions around recombination break points, six primer pairs were designed for the two isolated strains, as listed in Table 1 . The amplified fragments were purified using a gel extraction kit (TIANGEN, Beijing, China) and were cloned into the PMD-18T vector (TaKaRa Co., Dalian, China). Three clones were selected for each fragment and sent to Invitrogen for sequencing.
| Sequence alignments and phylogenetic analysis
Representative PRRSV strains were aligned with GDZS2016 and FJNP2017. Each ORF of VR2332 (GenBank: U87392) was selected as a reference. Multiple alignments were performed using MAFFT (Katoh, Kuma, Toh, & Miyata, 2005) , and comparisons of the genomes were performed. To build a phylogenetic tree, representative
PRRSVs from GenBank, consisting of type 2 Chinese PRRSV strains (n = 60), North American strains (n = 2), and type 1 strains (n = 1; as listed in Table 2 ), were selected. The phylogenetic trees were constructed in MEGA 6.0 using the neighbour-joining (NJ) method and bootstrapping with an NJ tree evaluation index of 1,000.
| Recombination analysis
Recombination signals were detected using the Recombination Detection Program version 4 (RDP V4.24) and were re-examined with SIMPLOT software using a Bootscan analysis. The settings of those software programs were those recommended by the guidelines (http://sray.med.som.jhmi.edu/RaySoft/simplot_old/Version2/Sim Plot_Doc v. 4.html). To confirm the recombination, re-sequencing of the flanking regions around recombination break points was performed using the primers (Table 1) .
| Animal experiments
To evaluate the virulence of the two PRRSV isolates, 15 4-week-old pigs that were negative for PRRSV, porcine circovirus Type 2 (PCV2), pseudorabies virus (PRV), and classical swine fever virus (CSFV), were randomly average-distributed into three groups. Group 1 was inoculated with 4 mL of 10 5 TCID 50 GDZS2016 third-generation virus, and Group 2 was inoculated with 4 mL 10 5 TCID 50 of FJNP2017 third-generation virus. Two 2-mL aliquots of PRRSV were inoculated into group 1 and group 2, with one aliquot delivered intramuscularly and the other delivered intranasally. Dulbecco's Modified Eagle Medium (DMEM) was used to inoculate group 3 (five piglets). We recorded rectal temperature, weight, and clinical signs from 0 to 14 days post-challenge (dpc) and collected blood at 0, 1, 3, 5, 7, 10, 14, and 21 dpc for serum analysis to assess PRRSV antibody changes using the PRRSV Antibody Test Kit 2XR (HerdCheck ELISA, IDEXX Laboratories). Viral load in the sera of each group was detected by real-time RT-PCR, as previously described (Zhang et al., 2017; Zhang et al., 2016a; Zhang et al., 2016b) . At 8 dpc, one pig of each group was euthanized, and necropsy was conducted for clinical loss and microscopic immunohistochemistry examination. The remaining piglets were euthanized at 21 dpc.
| Statistical analysis
The data are presented as means and standard deviations obtained using GraphPad Prism 6. The significance of variability was determined by one-way or two-way analysis of variance (ANOVA) tests done using SPSS 22.0 software. Values of p < 0.05 were considered significant.
| RESULTS
| Prevalence of lineage 3
The prevalence of different lineages among over 100 PRRSV-positive farms across most of southern China was studied. The results demonstrated that the dominant lineage was HP-PRRSVs, with a prevalence of 54.19% (95% CI: 47.5-60.8%). The prevalence of emerging NADC30-like viruses, which were introduced from the United States in 2013, was 9.25% (95% CI: 5.8-13.8%). Unexpectedly, lineage 3 was second to HP-PRRSVs in prevalence, at 35.68% (95% CI: 27.6-44.3%) (Table 3 and Supporting Information Data S1).
| Virus isolation
Two strains (GDZS2016 and FJNP2017) were successfully isolated from tissues and serum samples suspected to be infected, which were and 189 nt, respectively, and are both shorter than those of the lineage 3 representative strains GM2 and QYYZ (Lu et al., 2015) .
Sequence identity between the two isolates is 95.2%, and they share this is the most variable region in PRRSVs and is speculated to be an HP-PRRSV gene maker (Feng et al., 2008; Tong et al., 2007) . Furthermore, we analyzed the main virulence regions, NSP9 and NSP10, which contribute to the fatal virulence of HP-PRRSV (Li, Zhou, Zhang, Ge, & Zhou, 2014) . The complete NSP9 and NSP10 genes of | 581 FJNP2017 were derived from HP-PRRSVs, whereas only the NSP10 gene of GDZS2016 was from an HP-PRRSV.
| Phylogenetic analysis
Phylogenetic trees were generated based on the complete genome, According to ORF5 analysis, the two strains were located in lineage 3 ( Figure 2c ) and distributed into different sub-branches of this lineage. This phenomenon was also detected for GD1404 (Zhang et al., 2017 ) and SH1211 (Fan et al., 2014) . These results indicate that the genome of lineage 3 has recombined with other lineages.
| Recombination analysis
Recombination analysis of the full-length genome was performed using RDP4, and further re-examination of the result was The recombination break points of the two isolates were identified by re-sequencing the flanking regions around recombination break points. Moreover, the phylogenetic trees of the minor parents supported that the lineage 3 virus provided the minor fragment to the two isolates. The recombinant fragments of GDZS2016 that were provided by lineage 3 involved ORFs 2-6 (Figure 3a) , but there was a lack of evidence as to whether the NSPs 7-9 (6,846-9,555 nt) of GDZS2016 were provided by lineage3. This region presented only < 93% nucleotide similarity with all the known PRRSVs, and the phylogenetic tree of this fragment placed it in a branch different from those containing the known lineages based on all the available PRRSVs. HP-PRRSVs provided the skeletons of FJNP2017 (1-11,954, 14,931-15,317 nt) and GDZS2016 (1-6,846, 9,556-11,982 and 14,805-15,315 nt) , whereas most of the coding structural protein genes of two isolates were provided by lineage 3. Only one region of FJNP2017, covering ORFs 2-7, was closely related to lineage 3, (Figure 3b ). The major parent strains of JXA1-like viruses provided to both isolates the fragment encoding NSPs, which is related to virulence, suggesting that the pathogenic ability of these isolates should be assessed.
| Animal trials for pathogenicity analysis
Clinical signs were observed after piglets were infected with passage 3 of GDZS2016 and FJNP2017. Both challenge groups presented with 100% morbidity, with high fever (persistent rectal temperature > 40.5°C from 2 to 10 dpc), respiratory distress, weight loss, and anorexia during 3-14 dpc. Notably, the group of piglets infected with FJNP2017 displayed more severe symptoms compared with the other groups, especially regarding average fever temperature, which was observed to be 41°C and lasted for 4 days, and diarrhea ( Figure 4a ). No mortality was observed with GDZS2016, but (2/5) the piglets infected with FJNP2017 died at 5 and 8 dpc (Figure 4d ). In contrast, the negative control group showed a normal rectal temperature and behaviour during the were observed by necropsy in the two challenge groups (data not shown). Further evidence showed that the viral load and interstitial pneumonia caused by FJNP2017 were greater than those caused by GDZS2016, as identified by immunohistochemistry (Figure 4e) . The S/P value and viral copies in serum from all pigs infected with FJNP2017 were higher than those of the GDZS2016-infected group (Figure 4(b) and (c)). This corresponds to the fact that virulent strains elicit rapid and efficient humoral antibody responses and higher serum viral loads, whereas mild strains generate a slow and low antibody reaction, with lower viral loads.
| DISCUSSION
Porcine reproductive and respiratory syndrome virus is a major swine disease that is associated with immune suppression and always causes secondary bacterial and viral infection in herds (Nathues et al., 2013; Xu et al., 2010 (Sun et al., 2016; Tian et al., 2007; Tong et al., 2007; Zhou et al., 2015) .
However, the wide transmission and emergence of novel lineage 3 viruses, which are appearing unceasingly due to genetic evolution and recombination, cannot be ignored. In this study, the prevalence of lineage 3 was 35% (95% CI 0.5, 2.8), making it the second most commonly observed lineage after HP-PRRSVs in southern China; high virulence was also detected, as previously described (Dong et al., 2017; Xie et al., 2014; Zhang et al., 2017) . Thus, lineage 3 may be a great pandemic threat.
reproductive and respiratory syndrome viruses have a very restricted cell tropism both in vivo and in vitro (Duan, Nauwynck, & Pensaert, 1997; Tian et al., 2012) . Some lineage 3 viruses show cell tropism in PAMs, which are the primary target cells of the virus (Dong et al., 2017; Zhang et al., 2017) . In our study, the two selected isolates were unable to replicate in Marc-145 cells after 20
passages. The determination of the molecular mechanism of this phenomenon requires further investigation.
Recombination events among PRRSVs are common (Shi, Holmes, et al., 2013) . In the present study, most of the ORF1 gene corresponding to non-structural proteins (NSPs) was provided by HPPRRSVs, and the main structural protein genes of both isolates were provided by lineage 3 viruses, the minor parent of the two isolates.
Although the fitness of the minor parents of the two isolates was not detected, the finding of recombination is reasonable, because only a few lineage 3 strains have been isolated and genetic diversity within lineage 3 varies (unpublished data).
FJNP2017 demonstrates higher pathogenicity than GDZS2016 in vivo: 2/5 animals died during the challenge period with FJNP2017.
Interestingly, FJNP2017 shares both the entire NSP9 and NSP10
genome regions with HP-PRRSVs, while GDZS2016 has only the NSP9 region of HP-PRRSVs. This finding is consistent with previous results that the virulence of PRRSV is determined by both the NSP9 and NSP10 gene regions (Li et al., 2014) . Previous experimental results using a reverse genetics system, showed that compared with the strain containing both the NSP9 and NSP10 gene regions of HP-PRRSV, the pathogenicity of the recombinant strain with only the NSP10 gene region of the HP-PRRSV strain decrease (Li et al., 2014) .
It was noted that only the ORF5 gene of lineage 3 HP-PRRSVs was sequenced. Whether two isolates (GDZS2016 and FJNP2017) represent the current trend of lineage 3 HP-PRRSVs in southern China still needs further investigations.
The present study showed that the prevalence of lineage 3 virus is high in southern China and identified two novel isolates of this lineage: GDZS2016 and FJNP2017. Most of the ORF1 gene of these viruses was provided by Chinese HP-PRRSVs. The discrepant virulence observed for these isolates in the animal trial may partially explain the increased virulence of lineage 3 on pig farms.
Thus, more attention should be paid to lineage 3 viruses in southern China, and a safe and effective vaccine is needed to control lineage 3 PRRSV.
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